1. The maximum activity of hexokinase in lymphocytes is similar to that of 6-phosphofructokinase, but considerably greater than that of phosphorylase, suggesting that glucose rather than glycogen is the major carbohydrate fuel for these cells. Starvation increased slightly the activities of some of the glycolytic enzymes. A local immunological challenge in vivo (a graft-versus-host reaction) increased the activities of hexokinase, 6-phosphofructokinase, pyruvate kinase and lactate dehydrogenase, confirming the importance of the glycolytic pathway in cell division. 2. The activities of the ketone-body-utilizing enzymes were lower than those of hexokinase or 6-phosphofructokinase, unlike in muscle and brain, and were not affected by starvation. It is suggested that the ketone bodies will not provide a quantitatively important alternative fuel to glucose in lymphocytes. 3. Of the enzymes of the tricarboxylic acid cycle whose activities were measured, that of oxoglutarate dehydrogenase was the lowest, yet its activity (about 4.0,umol/min per g dry wt. at 37°C) was considerably greater than the flux through the cycle (0.5,umol/min per g calculated from oxygen consumption by incubated lymphocytes). The activity was decreased by starvation, but that of citrate synthase was increased by the local immunological challenge in vivo. It is suggested that the rate of the cycle would increase towards the capacity indicated by oxoglutarate dehydrogenase in proliferating lymphocytes. 4. Enzymes possibly involved in the pathway of glutamine oxidation were measured in lymphocytes, which suggests that an aminotransferase reaction(s) (probably aspartate aminotransferase) is important in the conversion of glutamate into oxoglutarate rather than glutamate dehydrogenase, and that the maximum activity of glutaminase is markedly in excess of the rate of glutamine utilization by incubated lymphocytes. The activity of glutaminase is increased by both starvation and the local immunological challenge in vivo. This last finding suggests that metabolism of glutamine via glutaminase is important in proliferating lymphocytes.
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It has been known for many years that rapidly maximum catalytic activity in vitro of key enzymes dividing cells utilize glucose at a high rate (Warburg, in those pathways Cooney 1956; Roos & Loos, 1973) Ruderman, 1975) , before use. the effect of this condition on these enzyme activities has been measured to indicate possible changes of Graft-versus-host reaction fuel utilization and to compare the results with those Ford et al. (1970) have established that the of a similar study on the rapidly dividing cells of the popliteal-lymph-node weight assay is more sensitive small intestine (Budohoski et al., 1982 50mM-triethanolamine/HCI, 1 mM-EDTA, 2mM-maintained between 0 and 4°C during sonication), MgCI2 and 30mM-mercaptoethanol at pH7.5 (Beis after which they were centrifuged for 2min at 8000g et al., 1980) . For assay of glutaminase, the extracand the resultant supernatants used. For the assay of tion medium consisted of 150 mM-potassium phosoxoglutarate dehydrogenase, it was important to use phate buffer (equimolar mixture of K2HPO4 and a mitochondrial preparation; this was obtained by KH2PO4), 1 mM-EDTA and 50mM-Tris/HCl at homogenization of lymphocytes for two periods of pH 8.6. 10s (at 0°C) in a Polytron homogenizer (PCU-2, at position 3) and centrifugation of the homogenate at Assay of enzyme activities 300g for 5 min, followed by centrifugation of the Enzyme activities were measured as described resultant supernatant at 8000g for 2 min. The pellet previously: hexokinase as described by Crabtree & was resuspended in extraction medium. , 6-phosphofructokinase as The extraction medium for hexokinase consisted described by Opie & Newsholme (1967) , pyruvate of 50 mM-triethanolamine/HCI, 1 mM-EDTA, 2 mmkinase as described by Zammit et al. (1978) , lactate
MgCI2 and 30mM-mercaptoethanol at pH 7.0. The dehydrogenase as described by Zammit & same extraction medium was used for pyruvate , phosphorylase as described by kinase (EC 2.7.1.40) and lactate dehydrogenase (EC Bergmeyer et al. (1974) , citrate synthase, NAD+-1.1.1.27), except that the pH was 7.6 and 7.5
and NADP+-linked isocitrate dehydrogenase as respectively. For 6-phosphofructokinase the extracdescribed by Alp et al. (1976) , oxoglutarate tion medium was as described by Opie & dehydrogenase as described by Cooney et al. Newsholme (1967) . The extraction medium for (1981), 3-oxo acid CoA-transferase, acetoacetylphosphorylase consisted of 35mM-glycerol 2-CoA thiolase and 3-hydroxybutyrate dehydrophosphate, 20mM-NaF, 1mM-EDTA and 30mM-genase as described by Williamson et al. (1971) , mercaptoethanol at pH 6.2 (Cornblath et al., 1963 (Cooney et al., 1981) . For NADP+-linked (1972) , aspartate aminotransferase and alanine isocitrate dehydrogenase, glutamate dehydrogenase aminotransferase as described by Sugden & (EC 1.4.1.2), aspartate aminotransferase (EC Newsholme (1975) . 2.6.1.1) and alanine aminotransferase (EC 2.6.1.2),
In all the enzyme assays (except for phosphorythe extraction medium consisted of 50mM-trilase, NAD+-and NADP+-linked isocitrate dehydroethanolamine/HCI, 1 mM-EDTA, 5 mM-MgCI2 and genase and the ketone-body-utilizing enzymes), 30mM-mercaptoethanol adjusted to pH 7.5 with 0.05% (v/v) Triton X-100 was added to the assay KOH. For assay of NAD+-linked isocitrate system to complete the extraction of the enzymes. dehydrogenase, the extraction medium was the same The final volume of the assay mixtures in all cases as that used for NADP+-linked enzyme, except was 1.0 ml. 2.5 mM-ADP was included (Sugden & Newsholme, Citrate synthase and pyruvate carboxylase were 1975). For assay of NADP+-linked malate dehydroassayed by following the rate of change in A412, genase (EC 1.1.1.40), the extraction medium conketone-body-utilizing enzymes by following the rate sisted of 20mM-Tris/HCI, 10mM-dithiothreitol, of change in A303, and the remainder of the enzymes 1 mM-MgCI2, 100mM-KCI and 250mM-sucrose at were assayed by following the rate of change in A340. pH 7.6 (Newsholme & Williams, 1978) . For both All spectrophotometric measurements were perpyruvate carboxylase (EC 6.4.1.1) and phosphoformed in a Gilford recording spectrophotometer enolpyruvate carboxykinase (EC 4.1.1.32), the (model 240) at 25°C, except for glutaminase, which extraction medium consisted of 300mM-sucrose, was determined at 370C. For all enzymes studied, 50mM-triethanolamine/HCl and 1mM-EDTA at preliminary experiments established that extraction pH 7.4 and 7.1 respectively .
and assay procedures were such as to produce For the assay of 3-oxo acid CoA-transferase and maximum enzyme activities (see Crabtree et al., acetoacetyl-CoA thiolase (EC 2.3.1.9), the extrac-1979). tion medium consisted of 10mM-Tris/HCI, 3mM-MgCl2, I mM-EDTA, 1 mM-mercaptoethanol and Expression of results 300 mM-sucrose at pH 7.4 (Williamson et al., 1971;  All activities are expressed as umol of substrate Beis et al., 1980 Results and discussion the absorptive cells of the intestine (Budohoski et al., 1982) . The latter cells also possess glucose 6-Glycolysis phosphatase and fructose bisphosphatase activities, The activities of some of the glycolytic enzymes in which may play a role in the regulation of the lymphocytes are given in Table 1 . The activity of glycolytic flux. These activities were, however, hexokinase in lymphocytes is similar to that in many undetectable in lymphocytes. vertebrate muscles (Surholt & Newsholme, 1981) The effect of a local immunological challenge on and similar to those reported in thymus and spleen these activities is shown in Table 2 ; the activities of by Hickman (1973) . This finding indicates the all the glycolytic enzymes that were measured quantitative importance of the pathway of glycolysis increased, those of 6-phosphofructokinase and from glucose in lymphocytes. However, unlike most pyruvate kinase by more than 100%. This finding muscles, the activity of phosphorylase is lower than emphasizes the importance of this pathway in the that of hexokinase, indicating that endogenous response of the lymphocyte to an immunological glycogen is not an important fuel for the lymphochallenge. cyte. The activity of 6-phosphofructokinase is considerably higher than that of phosphorylase, but Tricarboxylic acid cycle is only twice that of hexokinase, supporting the view
In muscle, the maximum activity of oxoglutarate that glucose is the major carbohydrate that is used dehydrogenase provides a reasonable quantitative by this tissue. As in muscle, the activities of pyruvate index of the maximum capacity of the tricarboxylic kinase and lactate dehydrogenase are much higher acid cycle (as measured by maximum oxygen (9) 10.3 + 2.49 Table 2 . Maximal activities ofenzymes in control and graft-versus-host-reaction popliteal lymph nodes Enzyme activities are presented as means + S.E.M., with the numbers of separate animals used in parentheses. Since only one enzyme activity could be measured in a single lymph node, the mean index of enlargement (see the Materials and methods section) is given for each enzyme. The statistical significance (Student's t test) of the difference in activity between control and graft-versus-host lymph nodes is indicated by *P < 0.001. All enzymes were assayed at 25°C, except for phosphate-dependent glutaminase (370C).
Enzyme activities (,umol Cooney et al., 1981; complete contrast with the findings in brain and Paul, 1982). In the present work, the maximum muscle (Sugden & Newsholme, 1973; Beis et al., capacity of the tricarboxylic acid cycle in lympho-1980) , two tissues in which ketone-body utilization is cytes (oxygen consumption, when glucose was the known to be quantitatively important. Hence ketone sole substrate, was 1.6 + 0.O9,mol/min per g dry wt.
bodies may not provide a quantitatively important at 37°C, suggesting a capacity of the cycle of about alternative fuel to glucose in lymphocytes (see also 0.5,umol/min per g) is considerably less than the Hume et al., 1978) . maximum activity of oxoglutarate dehydrogenase (about 4.0,umol/min per g at 37°C; Table 1 ). (Watford et al., 1979; (Table 2) , and this provides the first, albeit indirect, Hanson & Parsons, 1980) . These activities were evidence of the importance of the tricarboxylic acid measured in the lymphocyte in the present work and cycle in cell division.
are reported in Table 1 . The activity of glutaminase The similarity of the activities of NAD+-linked in rat lymphocytes is similar to the activity reported and NADP+-linked isocitrate dehydrogenase acin the absorptive cells of the small intestine tivities is also observed for mammalian brain and (Budohoski et al., 1982) . The activity of glutamate skeletal muscle, but not for heart (Sugden & dehydrogenase in the lymphocyte is similar to that of Newsholme, 1975; Alp et al., 1976) . Starvation glutaminase (calculated at 250C), which is in decreases the activities of both citrate synthase and contrast with the kidney, in which the dehydrooxoglutarate dehydrogenase, suggesting a decreased genase activity is 10 times that of glutaminase (see capacity of the cycle under these conditions. This is Newsholme et al., 1982) . This suggests that aminoin contrast with the effect of starvation on cells of transferase reactions rather than glutamate dehydrothe small intestine, in which these activities were genase are important in the conversion of glutamate increased (Budohoski et al., 1982 Goldstein Snell & Duff, 1977) , are low and much lower than that of glutaminase. This finding suggests that the mitochondrial NAD+-linked malate dehydrogenase might be important in converting malate into pyruvate in lymphocytes in a similar manner to that in the enterocyte (see Watford et al., 1979; Hanson & Parsons, 1980) . The rate of glutamine utilization by incubated lymphocytes (isolated from the mesenteric lymph nodes) is 2.62,umol/min per g dry wt. (or about 0.8,umol/min per g fresh wt.), which is considerably lower than the maximum activity of glutaminase of almost 35 umol/ min per g dry wt.; this suggests that the activity of this enzyme is not a good quantitative index of the maximum capacity for glutamine utilization by the lymphocyte and that the rate of this pathway might be limited by transport of glutamine across the cell or the mitochondrial membrane. Despite this apparent excess of glutaminase activity, it is increased in the mesenteric lymph node by starvation (Table 1 ) and in the popliteal lymph node by an immunological challenge ( Table 2 ). The importance of glycolysis in lymphocytes has been realized for some years, so that it is not surprising that the capacity of this pathway appears to be increased in response to an immunological challenge (see above). However, the increase in the maximum activities of citrate synthase and glutaminase suggests that both the tricarboxylic acid cycle and the glutamine utilization pathways are important in provision of energy and biosynthetic precursors for proliferation of the lymphocytes. Direct studies on the rates of these pathways in lymphocytes isolated from graft-versus-host-reaction lymph nodes will be necessary to indicate the precise quantitative importance of these pathways during proliferation.
